The electroaffinity of the 0 2 molecule is revisited using density functional theory (DFF) and perturbation treatments built on a MCSCF wavefunction that includes most of the non-dynamic correlation effects (MC/P approach). Using a standard 6-31 + G * basis set, DFT treatments based on BLYP or B3LYP functionals provide electroaffinities of the order of 4-0.6 eV that compare favorably to experiment. Coupled MCSCF/perturbation treatments using an Epstein-Nesbet partition of the molecular Hamiltonian give a more accurate value of 4-0.492 eV in excellent agreement with the most recent experimental data (+0.431 eV) as well as with highest-level purely variational ab initio treatments which are far less tractable for larger systems. The analysis of the results in terms of differential correlation effects made it possible to identify the failure of the previous MCSCF-limited treatments as arising from the dynamic correlation of the electron pair describing the tro_ o bond.
Introduction
The gas-phase chemistry of interstellar clouds ( [1] [2] [3] [4] [5] and references therein) is generally considered to proceed via reactions involving positive ions and neutral molecules. As pointed out by Herbst [6] , laboratory measurements of rapid radiative electron attachment processes suggest, however, that negative molecular ions could be produced efficiently in dense interstellar clouds. Under the physical conditions prevailing in such astrophysical objects, up to 10% of some molecules could be negatively charged which means that the radio detection of these anions might * Corresponding author. E-mail: parisel@vega.ens.fr be possible provided their microwave spectra had been determined in laboratory experiments. Interest in negatively charged species in the interstellar medium should however not be limited to the small molecular species steming from the neutral structures identified through their radio signature: the recent study by Bakes and Tielens [7] on the charge distributions (neutral, positive or negative) of polycyclic aromatic hydrocarbons (PAH), fullerene C60 and small graphitic grains as a function of the depth at which a species is localized in a diffuse cloud, together with the corresponding electron density and the magnitude of the radiation field points out that a possible role for anions in the interpretation of the diffuse interstellar bands (DIBs) should be taken into account.
Due to its potential consequences for knowledge of the physics and chemistry of the interstellar medium, the unquestionable identification of an interstellar anion appears to be an exciting task: it is therefore of primary importance to know in advance which molecules can exist in the form of negative ions and how stable they are.
From a theoretical point of view, the description of negatively charged systems has been a source of interest to quantum chemists and spectroscopists for many years [8] . A number of studies have been devoted to this subject, mainly concerned with the difficulties inherent in describing systems that involve diffuse electronic distributions at large distances from the nuclear frame. Nowaday's well designed quantum chemistry calculations provide quantitative results on anions and accurately account for most of their properties. However, the determination of accurate electroaffinities (EA) is a more difficult problem since it requires a well balanced evaluation of the correlation energies between the parent molecule and its negative ion.
Among the possible neutral precursors, dioxygen 02 is a challenging system whose abundance in the interstellar medium is still debated ( [9, 10] ) while being a key molecule for chemical processes in the upper atmosphere (see, for example, Ref.
[11]).
The gas phase electroaffinity of 02 has been known, experimentally, for a long time to be positive. The best experimental value available is probably that obtained using accurate photoelectron spectroscopy techniques [12, 13] : EA(O2)=0.451 + 0.007 eV. After corrections for zero-point energies and relativistic effects [14] , this value is decreased to + 0.431 eV to which any value reported in this work should be compared.
The theoretical electroaffinity of 0 2 has been fluctuating with the levels of theory (some references to previous calculations can be found in Ref. [14] and it is only recently that quantitative agreement has been reached for both the sign and the absolute value [14] : EA --+0.39 eV, in excellent match with the corrected experimental measurement. Such a high-quality result was obtained using a large ANO (atomic natural orbital) basis set (7s6p3d2flg) and a MRCI + Q (multi-reference configuration interaction corrected for quadruple excitations) that involved 1231050 CSFs (configuration state function) for O2(X 3•;) and 726481 CSFs for O2(X 2Jig). This example shows that, to take full advantage of the very large basis sets, it is of essential importance to perform an even larger correlation treatment. Unfortunately, the transposition of such a procedure to larger entities is unlikely owing to obvious computational troubles.
In this Letter, we report the results of computational experiments aimed at finding theoretical approaches that, we believe, should be amenable to larger systems in order to predict their electroaffinities. The series of calculations covers Hartree-Fock, Moller-Plesset (MP2, MP4), density functional (DFT), MCSCF and finally coupled MCSCF perturbation (MC/P) methods.
The experimental geometries for both 02(X 3E~, R e = 1.2075 A) and O2(X 21]~, R e = 1.347 A) were used in all calculations [12, 13] . Two different basis sets were used: a standard 6-31 + G* basis (basis 1) [15] and a larger basis set of triple-zeta quality [16] to which a set of (p, d) polarization/diffuse functions was added (TZpd). The orbital exponents a v = 0.06 and a d = 0.8 were optimized by minimizing the absolute energy of O~ at the ROHF level.
The MPn and DFF computations used the GAUSSIAN 92 program [17] and the MCSCF calculations were performed with the ALCHEMY II package [18] .
Electroaffinity from perturbation and DFT approaches
The ground state of 02(X 3E~) is described in terms of orbital occupancies as
Such an ordering does not prejudge the relative energies of the molecular orbitals. In forthcoming developments, we will refer to the two axial lone pairs pointing outwards from the O-O bond as 2a~ and 3¢g, while 2¢g refers to the Croo bond. Orbitals l~lg and l cl u are the symmetric and antisymmetric combinations of the core l s o atomic orbitals. Both 1~'0 and l'rrg orbitals describe the rr system of 0 2 and 0 2 . From the results listed in Table 1 , it can be seen that, for a given methodology, the computed EAs are almost identical for both basis sets. The EA obtained within the single determinant UHF approximation has the wrong sign. Including correlation effects at the UMP2 and UMP4 levels of theory leads to a qualitative improvement since the EA has now the correct sign although the numerical value is too small by about 0.3 eV compared to experiment. In these treatments, it is to be kept in mind that the wavefunctions of 0 2 do not have the proper molecular symmetry which can only be obtained from a two-determinant wavefunction at least.
Arguing from the fact that MP2 electronic densities closely resemble DFF densities, we performed DFF calculations using the same basis sets. The general trend, illustrated in Table l, is that all the values obtained within this theoretical approach have the correct positive sign hut are systematically overestimated. The five different functionals used can however be classified in two sets: the BLYP, B3LYP and BP86 functionals give an EA that averages around +0.60 eV, which is a good estimate, while the remaining two functionals (B3P86 and SVWN) give values close to 1.0 eV, which is too far from the experimental results.
These results suggest that restricting the basis set to a double-zeta quality plus polarization/diffuse functions and using one of the functionals of the first group, should provide the semi-quantitative estimates necessary to a first screening of molecules susceptible to electron attachment. In addition, the problem arising from the high symmetry of the 0 2 ion will no longer hold for non-linear species.
Electroaffinity from MCSCF approaches
Muiticonfigurationnal treatments with active valence orbitals are now considered to provide a correct description of molecular properties, that is, a well behaving zeroth-order starting point for subsequent calculations. In the present study we design the MCSCF wavefunction as a product of structurally well defined subspaces ( Table 2 ). So doing we avoid the unnecessary high-level excitations that are present in a full-valence space description, anticipating the future treatments of systems of larger dimension. More precisely, our MCSCF space can be seen as a product of GVB spaces describing the cr system with a CAS space accounting for the w system and retaining the spatial symmetry of the 2 Fig wavefunction in the anion. No coupling between these spaces are considered at the MCSCF level: the tr-Tr crossed correlation effects will be recovered in a subsequent step as well as the remaining o'-cr correlation not included at this variational level (see Section 4) .
In order to ensure the spin-and the spatial-symmetry of both states, all calculations were performed in C2h symmetry; it was however checked that increasing the symmetry from Czh to D2h had the absolute energies of O 2 unchanged. When using C2h symmetry, the active spaces consisted in 2976 configuration state functions (CSFs) for O2(X 3~,;) and Table 1 UHF, UMPn (n = 2, 4) and DFT energies of 02 and O~-(absolute energies in au electroaffinities in eV) 4704 CSFs for O2(X 2[-lg). As seen in Table 2 , the usual valence space has been extended by including specific correlating orbitals for each symmetry (4trg, 4~o, 2-G and 2'rrg) for the description of both the tr and "rr systems. Such supplementary functions are necessary to have the lone pairs spatially relaxed [19] , using the usual valence space limited to bonding, antibonding and lone pair orbitals, would poorly [12] [13] [14] account for these important non-dynamic correlation effects. Core electrons are maintained frozen in all variational calculations. As shown in Table 3 , this level of wavefunction does not give any improvement over the single determinant approximation. Selected values taken from CASSCF or MCSCF treatments found in the literature [14, 20, 21] prove that it is a general conclusion, and not an artefact due to the partitioning of our active space or the choice of the basis set. It comes from the fact that the correlation energy recovered in the valence space for 02 is larger by about 30% than in O[.
Electroaffinity from MCSCF/perturbation approaches
The conclusion drawn from the MCSCF studies points to the crucial role of the dynamic correlation effects. Our recent methodology [22] coupling MC-SCF wavefunctions with perturbation theory (MC/P) was used to obtain correlated energies. The MC/P approach relies on a two-step procedure for the evaluation of the electronic correlation: the non-dynamic correlation is accounted for at an accurate variational level (MCSCF plateau), while the remaining dynamic effects are recovered using a large-scale perturbation on the previous n-particle wavefunction. The variational part of the treatment is designed to properly describe the qualitative aspects responsible for the properties being studied ('chemical completeness'); on the other hand the subsequent perturbation treatment accounts for most of the higher-order effects and provides the quantitative aspects. This treatment has been successfully applied to the calculation of energy separations in small molecules [22] , as well as to the determination of electronic spectra [23] .
As implemented in our code, this approach has large flexibility in the choice of the zeroth-order variational spaces. Moreover, several schemes for the partition of the electronic Hamiltonian are available: Moller-Plesset partitions with the consideration of occupation numbers in the definition of the Fock operators, and Epstein-Nesbet partitions either in the barycentric or eigenvalue formulations. Those partitions whose definitions and properties have already been discussed in the literature (see references in Refs. [24, 25] ) will be referred to as BMP, BEN and EEN respectively. The MC/P calculations will be denoted accordingly as MC/BMP, MC/BEN and MC/EEN.
The natural orbitals provided by the MCSCF calculations were used in the perturbation calculations. In BMP partitions where orbital occupancies can be considered for the definition of the orbital energies [22] , occupation numbers of 1.0 were given to both components of the l~g orbital in 02, while being 1.5 in the case of O[. In these MC/P calculations, all electrons and all virtual orbitals are taken into account.
Inspection of Table 4 obviously shows that MC/P calculations reverse the preceding situation whatever the type of perturbation used. The best agreement is obtained with the 6-31 + G * basis set using the BEN partition of the Hamiltonian; the corresponding value of + 0.492 eV is 0.061 eV too large relative to the experimental value. This discrepancy is the same (though of a different sign) as that reported in largescale MRCI + Q using a large ANO basis set [ 14] .
The MC/EEN calculation leads to results of inferior quality, the EA values being overestimated. Such a partition however is known to be ill-adapted for cases that involve variations in the number of correlated electrons [24] . It was pointed out that it [22] . The MC/BMP value of +0.232 eV compares favorably with the CASPT2 values which average to about +0.161 eV using ANO basis sets. Such a coherence between these two approaches was observed in previous studies and originates from close partitions of the Hamiltonians [22, 26] . If we define the dynamic correlation Edcor r as the energy difference between the CASSCF and the MC/P values, inspection of Table 5 confirms the fact that this quantity is larger in the anion than in the neutral parent whatever the perturbation or the basis set used. Moreover, the variation of the dynamic correlation energies A Eco~r is about twice (at least) the value of the electroaffinity: it is the origin of all the troubles. The TZpd basis is seen to recover more correlation energy than the 6-31 + G* basis set.
The fact that the correlation energy recovered in the process increases when going from a MollerPlesset partition to the Epstein-Nesbet ones is consistent with many results that showed that EN parti- tions present an accelerated convergence relative to the M~ller-Plesset scheme. This comes from the fact that Epstein-Nesbet partitions involves at the second-order of perturbation theory some terms that would appear only as higher-order contributions in the M~ller-Plesset approaches [24, 27, 28] . The failure of MCSCF is simply due to the fact that the crucial effects of the dynamic correlation, which are larger in the anion than in the neutral molecule, are not evaluated at this level of theory. In the framework of the MC/P method, these effects are recovered in the perturbation treatment. By nature, these developments are additive so that each contribution corresponds to a well defined interaction. Since our zeroth-order space is generated as a product of independent subspaces, each having a clear chemical interpretation, it is possible to trace the origin of the effects. Such an analysis is presented in Section 5.
Analysis of dynamic correlation effects
It is common to distinguish several origins for the total molecular correlation energy [29] . The left-right correlation is almost identical to the non-dynamic correlation: it involves excitations from bonding orbitals to their antibonding counterparts. In our treatments, this part of the correlation is mostly treated at the MCSCF level in an equivalent way for both the neutral and the anion. The angular correlation involves excitations from bonding orbitais to orbitals of higher angular momentum. Finally, the radial (in-out) correlation allows the electrons to become more diffuse by excitations from an orbital to another of higher principal quantum number with the restriction that the angular momentum is unchanged. Angular and radial correlations give the dynamic correlation which is recovered at the perturbation level in MC/P treatments.
Angular correlation
The second column of Table 6 reports the contributions ~Edcor r originating from excitations to the d-~ virtual orbitals. These contributions are obtained as differences between the total perturbative correlation energy (all possible excitations allowed into all open-shell and virtual orbitals) and the perturbative contribution recovered when discarding the d-~ vir- Table 6 Differential correlation energies (au) for 02 and 02 ~Edcor r in atomic unit. The 6-31 +G* basis set is used. The experimental value is taken from references [12] [13] [14] As expected, the anion is more sensitive to the angular d-8 correlation than the neutral since 5Edco~(O2-) > 5Edcorr(O2) in all cases. In both O 2 and O2-, 5Edcor r due to the d-~ relaxation represents about 21% of the total dynamic correlation energy.
Core correlation
The third column of Table 6 reports the contributions 8Edco~ r to the dynamic correlation energies originating from excitations from the core orbitals. These contributions are determined as differences between the total perturbative correlation energy and that calculated freezing the four electrons in the 1 (yg and l tru orbitals. The EAs obtained in the reduced configuration space where the core electrons are frozen are insensitive to the core correlation; they are increased by only 0.002 eV relative to the complete calculations. In both 0 2 and O2-, ~Edcor r due to the core electrons is less than 2% of the total dynamic correlation energy. This shift is more than l0 times smaller than the one reported in Ref. [14] . The EAs were calculated freezing each set at a time and are reported in Table 7 . Apart from set l, whose freezing is in fact not relevant, it is seen that freezing any one of the sets 2, 3 or 5 leads to positive values of EAs whatever the perturbation scheme used. Freezing set 4, that corresponds to the (too bond, has, however, a large impact: at the MC/BEN level of calculation, that we consider of best quality, the corresponding EA falls to zero eV. The present result emphasizes the importance of the dynamic correlation of this electron pair.
The role of the troo bonding electrons
To confirm this important fact, two further calculations were performed. The first one froze all electrons except those of set l, which leads to a negative electroaffinity: EAMc/aEN = --0.223 eV. Activating the 2 electrons in set 4, the electroaffinity becomes positive EAMc/BEN = +0.251 eV. Such a result suggests that semi-quantitative results on systems involving the O2/O2-energy difference could be of the detoxication mechanisms of the superoxide radical anion and the description of the binding of dioxygen to the dicopper sites of tyrosinase, hemocyanin or their biomimetic models for which a charge transfer occurs from the metal cation.
Conclusion
In this Letter, we report a series of calculations on the electroaffinity of dioxygen, a property known to be a critical test for computational strategies.
It has first been shown that DFT calculations are able to produce reasonable values when appropriate functionals are used.
Coupled MCSCF/perturbation treatments have proved effective for solving the 02/02 -problem using a barycentric Epstein-Nesbet partition of the Hamittonian. Including all important non-dynamic effects in the variational zeroth-order wavefunction and using a subsequent large-scale perturbation treatment of the dynamic effects is once more justified. Despite a treatment of angular correlation limited to d-~ orbitais in the standard 6-31 + G* basis set, we obtain an electroaffinity of +0.492 eV, in excellent agreement with the experimental value of +0.431 eV. The discrepancy is of the same order of magnitude as that obtained by the much more costly MRCI + Q treatments based on large ANO basis sets. The MC/P approach is then likely to be applied confidently to the calculation of other reluctant electroaffinities and is expected to provide accurate and reliable electroaffinities for entities of astrophysical interest.
Finally, the origin of the failure of any MCSCF calculation to predict even the right sign for EA(O 2) has been shown to arise from the dynamic correlation of the troo bond. It follows that, in some cases, the active electrons for the perturbation part of the MC/P treatment might be restricted to the troo and the v-HOMO electrons in order to get a semiquantitative description of the redox processes, which seems a promising cost-effective approach for ab initio applications devoted to those larger bioinorganic systems that involve the 02/02-system on enzymatic active sites [30, 31] : especially concerned in the field of biochemistry are the theoretical study
